A Ka-band (26-40 GHz) coaxial hybrid iron (CHI) wiggler ubitron amplifier experiment under construction at the Naval Research Laboratory is described. The principal goal of the experiment is to investigate the performance tradeoffs involved in the CHI configuration for high frequency amplifiers operating at low voltages with small wiggler periods. The nominal design parameters are a center frequency of 35 GHz, wiggler period of 0.75 cm, and beam voltage of approximately 150 kV. Nonlinear simulations of the interaction are presented, along with the results of magnetic field measurements performed on a prototype version of the CHI wiggler.
Introduction
Free Electron Lasers (FEL's) are attractive altematives as generators of high power, high frequency microwaves. Their strong points include a wide instantaneous operating bandwidth, frequency tunability, high power, and component physical dimensions which can be large compared to the Solenoid Ferromagnetic, operating wavelength. One of the major obstacles to practical devices is the high voltage necessary for operation. The higher the voltage, the larger and more expensive the system becomes. One would like to lower the voltage requirement, allowing for more compact systems, while maintaining high performance.
An FEL being designed and built at the Naval Research Laboratory, addresses these issues by utilizing a coaxial hybrid iron (CHI) wiggler (1) . Its simple design enables scaling to smaller periods while maintaining high magnetic fields. The CHI wiggler consists of alternating rings of ferromagnetic and nonferromagnetic materials stacked together with a central rod of similar alternating design radially concentric with the annular stack, but shifted along the axis by half a period. The rf waveguide, which doubles as the vacuum envelope, consists of two nonferromagnetic stainless steel cylindrical tubes: the outer tube fits inside the outer CHI rings; the inner tube contains the inner CHI pieces. A lateral cross-section of the wiggler, along with the waveguide, is shown in Fig. 1 . Once inserted in a solenoidal magnetic field, the CHI structure deforms the axial field to create a radial field oscillating with the same periodicity as the rings. An annular electron beam propagates along the axis through the coaxial gap, where the oscillating radial magnetic field imparts an azimuthal wiggle motion to it.
An analytic approximation to the CHI wiggler magnetic fields has been derived (1-2). Two maior points which " -Waveguide \ distinguish these fields are the constant presence of the axial field and the good focusing quality of the field due to the increase in field amplitude towards the gap edges. Harmonics I hw I are also present, since the fields are formed from a discrete set E of pole pieces. Up to the third harmonic component is visible in both the analytic and simulation field plots (1-2).
Nonferromagnetic
Issues regarding the design of the CHI experiment have been published previously (3) . Related work shows the CHI wiggler in a G-Band amplifier configuration also has great potential for cyclotron resonant heating in magnetic fusion reactors (4). 
9.2.1

Wiggler Construction and Characterization
A. Wiggler Prototype
A CHI wiggler prototype has been fabricated and its performance characteristics investigated. The prototype was built to scale but with only twenty periods instead of the full length of about sixty periods to be used in the final version.
The purpose was to study fabrication techniques and the uniformity of the resulting fields and to compare them to those.expected from theory and simulations. Both the pulsed wire and the Hall probe methods were used to measure the magnetic fields (5). Hall probe measurements were not sufficient on their own due to the small gap dimensions and the access restrictions due to the struts supporting the central rod. It is useful, though, as a check of the pulsed wire method.
The inner and outer pole pieces were made out of Consummate iron (a ferromagnetic material with a high saturation field). Aluminum was used for the nonferromagnetic spacers. The outer rings had an outer diameter of 5.09 cm and an inner diameter of 1.75 cm. Both iron and aluminum pieces were 0.5 il, thick (il, = wiggler period). These fit over a 304 stainless steel (nonferromagnetic) tube, which makes up the outer cylinder of the coaxial waveguide. To hold the outer rings together, four equally spaced holes were drilled into their faces and stainless steel rods were run through them. This method causes an asymmetry in the field in the azimuthal direction, and will not be used in the final version of the wiggler, but it was thought to be acceptable for an axial field measurement. .
In the final version, the aluminum spacers will be replaced by copper spacers and will be held together with the iron pieces by brazing. The inner pieces were made with a hole in their center also, to decrease the weight of the inner rod and to allow a stiffer rod through Two sets of three equally spaced struts, one at either end, support the central rod horizontally. The struts used for the prototype consist of small screws which connect two indexing pieces, an inner one and an outer one, each butting up against the respective wiggler pieces (Fig. 2) . The outer indexing piece slips on the outer waveguide tube, while the inner indexing piece fits partly inside the inner waveguide. This method is not acceptable for the final version since the struts go through the vacuum envelope. The final design for the support struts is still under development.
B. Field Measurements
As stated above, both pulsed wire and Hall probe methods were used to measure the magnetic fields. The pulsed wire system consisted of a 25 pm diameter tungsten wire stretched from one end of the structure to the other, held taut by a small mass hung at one end. Short electrical pulses were sent down this wire, causing the wire to respond to the wiggler fields as a free electron would. The deflections were detected outside the wiggler, at one end of the structure, by using a laser detector-photodetector pair for each orthogonal direction of motion. The deflections recorded are proportional to the integral of the magnetic field.
The Hall probe used was a miniature transverse field probe mounted on an annular piece which fit in the gap spacing of the wiggler and moved in the axial direction indexed on the outer diameter of the coaxial waveguide. The motion of the index piece was very limited, and the wires were frayed after only two full measurements of the field along the axis. The probe holder is being redesigned for a new set of measurements.
A sample of measurements performed using the pulsed wire method is shown in Fig. 3 . This figure shows a measurement done using the pulsed wire method at B, = 6.25 kG (below saturation) at a radius close to the inner rod. The initial and final periods have higher amplitudes, as expected. This sudden jump in the field is taken care of in the final version by adding a five period adiabatic entry taper in the field. A comparison of the Hall probe and pulsed wire methods was done and the two agree very well. Such agreement corroborates the pulsed wire measurement technique. The nonuniformity is believed to be due to the method in which the prototype was assembled. The tightness of the outer pole pieces and spacers on the waveguide did not allow much freedom of motion and restricted them to certain positions which resulted in the nonconcentricity of the pieces with respect to each other. Due to the tight fit of the pieces, it is impossible to reassemble the prototype and check if this is the cause. For this reason, an improved assembly method was developed and will be tested shortly.
9.2.2
216-IEDM
Device Simulation
The experiment being built will be a CHI wiggler FEL operating as an amplifier at a center frequency of 35 GHz in the Ka-band (26.5-40 GHz). Current plans call for operation in the neighborhood of 150 kV with an output power of 100 kW for an input power of 100 W. The wiggler period is 0.75 cm and the axial field used has an amplitude of 6.2 kG.
The major components of the FEL (the gun, the wiggler, the beam collector, and the input and output rf couplers) are being designed or modified specifically for the experiment. The gun to be used is a SLAC klystron gun which will be modified in-house. The cathode is being redesigned to produce an annular beam at the appropriate voltage and radii. The wiggler will be placed horizontally within the bore of an existing superconducting magnet, which has a maximum field amplitude of 30 kG. This will permit a study of the performance over an extensive range of parameters, including both group I and group I1 beam orbits. A central sever will be used in the wiggler section to reduce rf reflections and prevent oscillations at high gain. scale formulation (2) ) and the parameters of Table 1 yield the gain curve shown in Fig. 4 . In this figure, are the inner and outer beam radii, respectively, and Nw is the number of wiggler adiabatic entrance periods. A 28 dB gain was obtained. The bandwidth is so wide (greater than 25%) because the interaction occurs near grazing incidence. The saturation length was 53 cm at 35 GHz (72 cm at 42 GHz). Fig. 5 shows a plot of the efficiency versus the beam's axial energy spread. According to the figure, the efficiency only decreases by 35 % for a realizable axial energy spread of 0.2 %. Better efficiencies, on the order of 9 % (at zero energy spread), were found by raising the current, but for the present experiment it is desired to keep the current at 10 A. Work is still in progress to raise the efficiency, by wiggler field tapering or other methods. Calculations using untapered configurations (using a previously described nonlinear three-dimensional slow-time- 
Conclusion
The simulation results show very interesting potential for high frequency amplifiers based on the CHI wiggler configuration. Work is still ongoing to increase the efficiency of the wiggler. A new prototype wiggler, with a more precise method of assembly, is being fabricated and new measurements are planned.
We note that the gain and efficiency are similar to those realized in a recent experiment using a sheet electron beam (gain = 24 dB, 7 = 3.3%) (6). However, the annular configuration of the present study is easier to fabricate and may be more practical, as well as allowing for smaller realizable values of &,.
